Abstract
Introduction
Spinal cord injury (SCI) refers to traumatic insult occurring in the spinal cord, which not only causes motor or sensory dysfunctions, but permanent disability in autonomic function, resulting in irreversible symptoms [1, 2] . There are approximately 2.5 million patients with SCI worldwide, with an estimate of 130,000 new cases reported annually [3] . In the present study, several approaches have been shown to be effective in the treatment of SCI. although none of these approaches were sufficiently efficient to achieve axonal regeneration and to rewire the spinal cord after injury [4] . Although SCI treatment has always been a challenge for clinical practitioners and scientists, some progress has still been made, such as stemcell-based therapies [5] . In addition, after SCI, the central nervous system fails to effectively reactivate developmental programs to rebuild novel circuitry to restore function [6] . Thus, it is vital to assess the functional state and to quantify the clinical neurological impairment of patients with traumatic SCI [7] .
Tumor necrosis factor-α (TNF-α) is recognized as a biomarker to monitor and predict the pro-inflammatory state and plays an important role in the development and progression of chronic inflammatory diseases [8, 9] . TNF-α is secreted in response to stress and after injury, which indicates that the pathological situation of TNF-α may also affect synaptic transmission [10] . Interestingly, measurement of serum levels of TNF-α over time can be useful in tracking the course of SCI, and SCI patients with and without neurological improvement demonstrate differences in measured TNF-α [11] . Wnts are lipid-modified glycoproteins that play important roles in embryonic development and they are involved in a variety of cellular behaviors, such as proliferation, migration, differentiation and stem cell self-renewal [12] . TNF-α can activate the Wnt/β-catenin signaling pathway, which in turn inhibits adipocytic differentiation [13] . According to Akihiko Hiyama et al., activation of the Wnt signaling pathway increases TNF-α expression and may contribute to degeneration of nuclear pulposus cells, which suggests that blockade of Wnt signaling pathway has the potential to reduce the degeneration of nuclear pulposus cells [14] . However, the effect of the Wnt signaling pathway on the recovery of SCI still requires further investigation. Thus, our study established the SCI rat model and aimed to investigate the effect of TNF-α inhibition on BMSCs in neurological function recovery after SCI via the Wnt signaling pathway, and we hope to identify a new therapeutic strategy for neurological improvement of SCI.
Materials and Methods

Animals and grouping
Seventy-two adult male Sprague Dawley (SD) rats provided by the Animal Research Institute of China Academy of Medical Science (Beijing, China) were used in this study. The rats were randomly assigned into 4 groups (18 rats in each group): the sham control group, saline control group (injection with saline at the injured site), BMSCs group (injection with BMSCs at the injured site) and BMSCs + TNF-α group (injection with BMSCs under 20 ng/mL TNF-α treatment at the injured site). All procedures performed on the animals were in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Establishment of a rat model of SCI
Rats were anesthetized by intraperitoneal injection of 2% pentobarbital sodium (40 mg/kg), and then fixed in the prone position under a dissecting microscope with the hair of the back and chest shaved. After conventional disinfection, the skin and subcutaneous tissues were dissected and the muscle was separated by a median incision along the back with T10 spines as the center. Next, the dura mater was exposed. After the spinal cord was fixed, the surrounding area of T10 was considered the injury region. The T9-T10 spinal cord was injured with modified Allen's method [15] in the saline control, BMSCs and BMSCs + TNF-α groups, and the rat model of SCI was successfully established. The wound was washed and dusted with an appropriate amount of penicillin powder on the surface. The muscle and skin were sutured layer-by-layer.
Rats in the sham control group were only operated with an incision of the spinal cord without any damage. After the operation, the rats were independent raised in a cage with natural light, and water was provided ad libitum.
Primary culture and purification of BMSCs
Adult male SD rats were sacrificed by cervical dislocation and placed in 75% ethanol. The bilateral lower limb bone was removed under sterile conditions, and the muscle and soft tissues were shaved. Next, the metaphysis of the collected lower limb bone was dissected to allow the exposure of the marrow cavity. The marrow cavity was washed with 10 mL phosphate buffered solution (PBS), and the eluate was made into a monoplast suspension. The cell concentration was adjusted to 6×10 6 /mL by the addition of Dulbecco's modified Eagle's medium (DMEM). The adjusted cell suspension was incubated in an incubator with 5% CO2 at 37°C. The nutrient solution was replaced after 48 h of culture and the culture medium and nonadherent cells were aspirated. Cell growth was regularly observed, and the culture medium was replaced every 3 days. After reaching approximately 80% confluence, the cells were digested and subcultured with 0.25% trypsin and DMEM containing fetal bovine serum (FBS) was added to terminate the digestion. The cell suspension was centrifuged at 1500 rpm/min for 5 min at 4°C, and the supernatant was aspirated. The cell precipitation was obtained after resuspension by 10 mL culture medium. Cells were quantified under a microscope. The BMSCs cells were subcultured with the density of 8 × 10 
Identification of BMSCs
The preserved BMSCs were inoculated into a six-well plate at a density of 1 × 10 5 /mL and DMEM/F1 containing 10% FBS and 10 ng/mL basic fibroblast growth factor (bFGF) were added for differentiation [16] . Subsequently, 20 ng/mL TNF-α was added into the BMSCs in the BMSCs + TNF-α group, and the incubation lasted for 4 h in an incubator with 5% CO2 at 37°C. Changes in the morphology of cells in the BMSCs group and BMSCs + TNF-α group were observed under a microscope. The original medium was aspirated, and the cells were inoculated in fresh DMEM/F12 medium containing 10% FBS. After 3 days, immunohistochemistry was performed to detect neurocytic markers on the surface of the BMSCs. The expression of NF200 and GFAP was detected to identify differentiated neuron-like cells and differentiated as astrocyte-like cells. The primary antibodies were rabbit anti-rat GFAP (1: 200) and mouse anti-rat NF200 (1: 200) and the secondary antibodies were TRITC-labeled sheep anti-rabbit IgG (1: 200) and FITC-labeled sheep anti-mouse IgG (1:200). The immunohistochemistry results were images under a fluorescence microscope.
In vivo transplantation
The second surgery was operated at the original incision after 2 weeks. The original injured site was exposed, and a 10 μL microsyringe was injected into the rostral and the caudal ends of the injury site (the distance between the two ends was 5 mm), and 5 μL of BMSCs suspension was slowly administered (for 3 min). Rats in the saline control group were injected with the same amount of saline at the injury site of spinal cord in the same manner 2 weeks after surgery, while rats in the sham control group received no treatment.
Basso Beattie Bresnahan (BBB) locomotor score, neurological deficit score (NDS) and balance beam test (BBT)
The BBB locomotor score [17] , NDS [18] and BBT [19] were used to assess the recovery of neurological function of rats in each group after 6 weeks of transplantation.
Quantitative real-time polymerase chain reaction (qRT-PCR)
The RNA of BMSCs in each group was extracted according to the manufacturer's instructions (Promega Corp., Madison, Wisconsin, USA). After the RNA concentration and optical density (OD260/280) values were measured using the Nano Drop2000 (Thermo Fisher Scientific, California, USA), the RNA was stored at -80°C. Primer 5.0 was applied to design the primers based on the gene sequences published in the Genebank primers and database. The designed primers are shown in Table 1 
Western blotting
Total protein of the BMSCs was isolated and the concentration was measured using a bicinchoninic acid (BCA) kit (Wuhan Boster Biological Engineering Co., Ltd., Wuhan, Hubei, China) according to the manufacturer's instructions. Equal amounts of protein were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, Massachusetts, USA). The membranes were blocked in 5% non-fat dried milk at room temperature for 2 h. Next, the membranes were separately probed with the following primary antibodies: Axin (1: 1000, ab32197, Abcam Inc., Cambridge, UK), β-catenin (1: 500, ab16051, Abcam Inc., Cambridge, UK), GSK-3β (1: 500, ab93926, Abcam Inc., Cambridge, UK) and Wnt3a (1:500, ab28472, Abcam Inc., Cambridge, UK) overnight at 4°C. The membranes were washed three times (each time for 10 min) using poly (butylene succinate-co-butylene terephthalate) (PBST), and then incubated with the corresponding secondary antibodies (1: 2000) for 1 h at room temperature. The membranes were washed three times (each time for 10 min), and visualized using an enhanced chemiluminescence (ECL) kit. β-actin served as the internal control, and the average intensities of the band area were measured using Image J software.
Statistical analysis
All data were analyzed using SPSS 21.0 statistical software (SPSS Inc., Chicago, Illinois, USA). Quantitative data were displayed as the mean ± standard deviation. Comparison between two groups was analyzed by the least significant difference-t test (LSD-t), and comparison between more than two groups was performed using one-way analysis of variance (ANOVA). P < 0.05 was regarded as a significant difference.
Results
Housing condition of the rats in each group
All rats behaved normally before modeling. At the initiation of the operation, the SCI rats in the saline control, BMSCs and BMSCs + TNF-α groups all presented different degrees of nerve injury symptoms. In total, there were 15 rats with the symptoms of hematuria or chyluria, and 12 rats with bedsore. During the observation period of 3 weeks, 8 rats in the saline control group, 3 rats in the BMSCs group, 4 rats in the BMSCs + TNF-α group and 2 rats in the sham control group died. To ensure sample size, the rats had already been supplemented. The living conditions of the rats in each group are shown in Table 2 .
Identification of BMSCs with and without TNF-α treatment
In the BMSCs group, numerous spherical cell clusters grew in suspension, and the cells exhibited the characteristics of neural stem cells. Three days later, these cells gradually formed spherical cell clusters, which had gradually enlarged, with strong refraction 1A) . BMSCs without TNF-α treatment were nestin-positive as assessed using immunocytochemistry (Fig. 1B) . After several hours of incubation in DMEM/F12, the cells began to adhere to the wall of the culture dish. Some cells had migrated from the spherical cell clusters and elongated, and appeared similar to neurons. After some time, the projections of a small number of cells began to form connections to other neighboring cells. BMSCs without TNF-α treatment were NF200-and GFAP-positive (Fig. 1C) . BMSCs with TNF-α treatment showed fibroblast-like morphology with multipseudopodia and adhered to the wall. BMSCs with TNF-α treatment showed no spherical cell clusters (Fig. 1D) . Immunohistochemistry assays showed that BMSCs with TNF-α treatment were nestin-, NF200-and GFAP-negative ( Fig. 1E-F) .
The mRNA and protein expression of β-catenin, Wnt3a, GSK-3β and Axin in BMSCs with and without TNF-α treatment in vitro
Compared with the BMSCs group, the mRNA and protein expression of β-catenin and Wnt3a were increased, while the mRNA and protein expression of GSK-3β and Axin were decreased in the BMSCs + TNF-α group (all P < 0.05) (Fig. 2) .
The mRNA and protein expression of β-catenin, Wnt3a, GSK-3β and Axin in rats among the four groups in vivo
Compared with the sham control group, the mRNA and protein expressions of β-catenin and Wnt3a were increased, while the mRNA and protein expressions of GSK-3β and Axin were decreased in the saline control, BMSCs and BMSCs + TNF-α groups (all P < 0.05). In comparison with the saline control group, the mRNA and protein expressions of Wnt3a and β-catenin were decreased while the mRNA and protein expressions of GSK-3β and Axin were increased in the BMSCs group and the BMSCs + TNF-α group (all P<0.05). Additionally, the mRNA and protein expressions of Wnt3a and β-catenin were dropped, while the mRNA and protein expressions of GSK-3β and Axin were elevated in the BMSCs + TNF-α group compared with the BMSCs group (all P < 0.05). These results revealed that the Wnt signaling pathway was activated by TNF-α (Fig. 3) .
Comparisons of BBB locomotor score, NDS and BBT score of rats among the four groups
These results indicated that the BBB scores of the rats in the BMSCs + TNF-α group were lower than those in the BMSCs group at each time point after transplantation (P < 0.05) (Fig.   Fig. 3 . Comparisons of the mRNA and protein expression of β-catenin, Wnt3a, GSK-3β and Axin in the spinal cord cells of rats among the four groups (A: mRNA expression of β-catenin, Wnt3a, GSK-3β and Axin in each group; B: protein expression of β-catenin, Wnt3a, GSK-3β and Axin in each group; C: histogram of β-catenin, Wnt3a, GSK-3β and Axin protein expression in each group) Note: *, compared with the sham control group, P < 0.05; #, compared with the saline control group, P < 0.05; &, compared with the BMSCs group, P < 0.05; TNF-α: tumor necrosis factor-α; BMSCs, bone marrow-derived mesenchymal stem cells; GSK-3β, Glycogen synthase kinase-3 beta. Fig. 4 . Comparisons of BBB locomotor scores, NDS and BBT scores of rats at 6 weeks after transplantation among the four groups (A: BBS locomotor scores of rats at 6 weeks after transplantation among the four groups; B: NDS of rats at 6 weeks after transplantation among the four groups; C: BBT results of rats at 6 weeks after transplantation in the BMSCs + TNF-α group) Note: *, compared with the sham control group, P < 0.05; #, compared with the saline control group, Fig. 2 . Comparisons of the mRNA and protein expression of β-catenin, Wnt3a, GSK-3β and Axin between the BMSCs group and BMSCs + TNF-α group (A: mRNA expression of β-catenin, Wnt3a, GSK-3β and Axin between the BMSCs group and BMSCs + TNF-α group; B: Protein expression of β-catenin, Wnt3a, GSK-3β and Axin between the BMSCs group and BMSCs + TNF-α group; C: histogram of β-catenin, Wnt3a, GSK-3β and Axin protein expression between the BMSCs group and BMSCs + TNF-α group). Note: *, compared with the BMSCs group, P < 0.05; TNF-α: tumor necrosis factor-α; BMSCs, bone marrow-derived mesenchymal stem cells; GSK-3β, Glycogen synthase kinase-3 beta. P < 0.05; &, compared with the BMSCs group, P < 0.05; BBB: Basso Beattie Bresnahan; NDS, neurological deficit score; BBT, balance beam test; TNF-α, tumor necrosis factor-α; BMSCs, bone marrow-derived mesenchymal stem cells. 4A). Compared with the BMSCs group, the NDSs of rats were increased in the BMSCs + TNF-α group (P < 0.05) (Fig. 4B) . The BBT may reflect the recovery of sensory-motor integration and motor coordination in the SCI rats. In the BMSCs + TNF-α group, the rats made missteps and even fell off the balance beam, while rats in the BMSCs group could successfully walk through the balance beam. After 6 weeks of transplantation, the BBT scores of the rats were increased in the BMSCs + TNF-α group compared with the saline control groups (all P < 0.05) (Fig. 4C) , which revealed that the BMSCs + TNF-α group had a specific inhibitory effect on the recovery of motor function in SCI rats.
Discussion
In this study, we generated a rat model of SCI to investigate the effect of TNF-α inhibition on BMSCs in neurological functional recovery after SCI. According to the identification of BMSCs after TNF-α treatment, suspension growth of many spherical cells showed characteristics of neural stem cells in the BMSCs group and were nestinpositive. However, in the TNF-α group, there was no spherical cell-like structure and the immunohistochemistry studies showed negative expression of nestin, indicating that TNF-α inhibited the differentiation of BMSCs into neural stem cells. TNF-α is synthesized by a variety of cell types, including neurons, glia, T cells, astrocytes, activated macrophages and Schwann cells [20] . TNF-α is immediately increased after CNS-associated trauma, such as SCI, and it is derived from the damaged CNS and from damaged skin, muscles, and bones [21, 22] . According to the study of Oda et al., BMSCs are known as non-hematopoietic and adherent cells, and the most important practical advantages of using BMSCs are its potential in autologous transplantation, as it poses very low risk of teratoma formation and exhibits low cost in culturing [23] . In the study of Han et al., BMSCs significantly decreased the expression of TNF-α after transplantation, remarkably increased axonal regeneration and promoted motor functional recovery [24] . Thus, on the basis of our study, we proposed that the addition of TNF-α inhibited the differentiation ability of BMSCs into neural stem cells.
Our in vivo and in vitro studies indicated that after TNF-α induction, the mRNA and protein expression of β-catenin and Wnt3a were significantly up-regulated, while the mRNA and protein expression of GSK-3β and Axin was downregulated, revealing that TNF-α activates the Wnt signaling pathway. The secretion of TNF-α as well as other cytokines had increased in response to stress and injury, indicating that these pathological situations may also have an effect on synaptic transmission [10] . Additionally, TNF-α induces overexpression of matrix metalloprotease 9 (MMP9) in localized cancer, and MMP9 can be reduced via dexmedetomidine preconditioning in rats with ischemia reperfusion injury [25, 26] . The involvement of TNF-α in inflammatory pain is particularly relevant in SCIinduced pain [27] . And the treatment with glycine, a strychnine-sensitive inhibitory neurotransmitter in brainstem, spinal cord and retina, could reduce TNF-α level [28, 29] . Han et al. demonstrated that BMSCs might alleviate damage in spinal cord inflammation by suppressing TLR4-mediated signaling pathways and decreasing the levels of IL-1β and TNF-α in tissues [30] . This finding is consistent with the role of TNF-α in a variety of pathologies ranging from inflammatory and peripheral injury-induced pain to neurological disorders of CNS, such as Alzheimer's disease and Parkinson's disease [31] [32] [33] . Takeshi et al. reported that Wnt signaling can inhibit oligodendrocyte development, and the Wnt/β-catenin signaling pathway can prevent oligodendrocyte differentiation from progenitors to an immature state [34] . Moreover, the Wnt signaling pathway plays an important part in human embryonic stem cells (hESC) self-renewal and differentiation and can activate many intracellular signal transduction cascades [35] . Previous studies have analyzed the Wnt signaling pathway in nuclear pulposus cells and reported that activation of the Wnt signaling pathway inhibits the proliferation of nuclear pulposus cells and induces cell senescence, revealing that the Wnt signaling pathway promotes the progression of degeneration of intervertebral discs [36] [37] [38] . Largely consistent with our study, Hiyama et al. reported that the Wnt signaling pathway modulates TNF-α, and the Wnt signaling pathway and TNF-α form a positive-feedback loop in nuclear pulposus cells [14] .
In addition, the BBB scores of the rats were significantly lower, but the NDSs of the rats were higher in the TNF-α group compared to the BMSCs group. In the TNF-α group, the rats made missteps and even fell off the balance beam, while rats in the BMSCs group could successfully walk through the balance beam. As reported by Zhao et al., SCI induces neuronal death as well as axonal damage, resulting in functional motor loss, sensory loss and limited regeneration due to the adverse microenvironment, including neuroinflammation and glial scarring [39] . Ohta et al. suggested that BMSCs might secrete some trophic factors into the cerebrospinal fluid (CSF), contact with host spinal tissues to reduce cavities, and improve behavioral function in the rat [40] . Furthermore, in the study of Garraway et al., TNF-α has been proposed to contribute to numerous injury-induced processes, such as pain hypersensitivity and the increased expression of TNF-α is correlated with behavioral changes observed in rats [27] . Chi et al. advocated that TNF-α might play a dual role in SCI and its role is potentially dependent on when TNF-α is produced after SCI as well as in which cells TNF-α functions [41] .
In conclusion, our study provides evidence that TNF-α inhibition may weaken the ability of BMSCs in neurological function recovery after SCI by activating the Wnt signaling pathway. However, the role of TNF-α in this process is still under debate due to conflicting evidence. Thus, further study is still needed to examine the precise mechanism of TNF-α in SCI and to develop an effective treatment for the neural functional recovery of SCI.
